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AMPHIPHTLIC IMIDAZOLINIUM DERIVATIVES 

5 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of USSN 08/157,727, filed 

November 24, 1993, which is a continuation-in-part of USSN 07/991,935, filed 

December 17, 1992, which disclosures are herein incorporated by reference. 

10 INTRODUCTION 
Field of the Invention 

This invention relates to nitrogen-containing amphiphiles and their use in 
the preparation of liposomes and other lipid-containing carriers of pharmaceutical 
substances, including nucleic acids used in gene therapy. 

15 

Background of the Invention 

Liposomes are one of a number of lipid-based materials used as biological 
carriers and have been used effectively as carriers in a number of pharmaceutical 
and other biological situations, particularly to introduce drugs, radiotherapeutic 

20 agents, enzymes, viruses, transcriptional factors and other cellular vectors into a 
variety of cultured cell lines and animals. Successful clinical trials have examined 
the effectiveness of liposome-mediated drug delivery for targeting 
liposome-entrapped drugs to specific tissues and specific cell types. See, for 
example, U.S. patent No. 5,264,618, which describes a number of techniques for 

25 using lipid carriers, including the preparation of liposomes and pharmaceutical 
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use of naked DNA expression vectors (Nabel et al. (1990), supra; Wolff et al. 

(1990) Science, 247:1465-1468). Direct injection of transgenic material into tissue 
produced only localized expression (Rosenfeld (1992) supra); Rosenfeld et al. 

(1991) supra). Brigham et al. (1989) supra; Nabel (1990) supra; and Hazinski et 
5 al. (1991) supra). The Brigham et al. group (Am. J. Med. Sci. (1989) 

298:278-281 and Clinical Research (1991) 39 (abstract) have reported in vivo 

transfection restricted to lungs of mice following either intravenous or intratracheal 

administration of a DNA liposome complex. See also Stribling et al. Proc. Natl. 

Acad. Sci. (USA) 89:11277-11281 (1992) which reports the use of liposomes as 
10 carriers for aerosol delivery of transgenes to the lungs of mice and Yoshimura et 

al. Nucleic Acids Research (1992) 20:3233-3240. 

Cationic lipid carriers have been shown to mediate intracellular delivery of 

plasmid DNA (Feigner, et al., Proc. Natl. Acad. Sci. USA (1987) 84:7413-7416); 

mRNA (Malone, et al., Proc. Natl. Acad. Sci. USA (1989) 86:6077-6081); and 
15 purified transcription factors (Debs, et al., J. Biol. Chem. (1990) 

265:10189-10192), in functional form. 

SUMMARY OF THE INVENTION 
Biodegradable, novel, amphiphilic imidazolinium derivatives are provided 
20 as are the methods of their use. The cationic amphiphiles are capable of forming 
complexes with nucleic acids, and other biological compounds and the nucleic acid 
complexes are capable of transforming mammalian cells. The amphiphiles of the 
invention yield non-toxic degradation products when subjected to endogenous 
enzymatic processes. 
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example, enzymatic cleavage products, which are nontoxic to a host organism or 



which are endogenous to a host organism. Generally, both the original lipids and 
their degradation products are nontoxic to a host organism. 

The invention particularly relates to nitrogen-containing amphiphilic cations 
5 having the formula: 



wherein each of R and Rj independently is a straight-chain, aliphatic hydrocarbyl 
15 group of 11 to 29 carbon atoms inclusive. Preferred are those cations wherein 

each of R and Rj independently has from 13 to 23 carbon atoms inclusive. The R 
and Rj groups are saturated or are unsaturated having one or more ethylenically 
unsaturated linkages and are suitably the same or are different from each other. 
Illustrative R, groups together with the -CO- group to which it is attached (i.e., 
20 R,-CO-) include lauroyl, myristoyl, palmitoyl, stearoyl, linoleoyl, eicosanoyl, 
tricosanoyl and nonacosanoyl (derived from the fatty acids of the corresponding 
name: lauric, myristic, etc.). When given system names for the R x groups alone, 
the corresdonding names of the hydrocarbyl group derived from lauric acid is 
undecyl; from myristic acid, tridecyl; from palmitic acid, pentadecyl; from stearic 



OH 



/ 



10 
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in which X! represents the residue of an acyl group after the rearrangement 
reaction as shown (from H to a complex organic group) while X 2 and X 3 
independently represent H or an organic group. X 2 would initially represent R- 
CO, but this group could be removed or be replaced by a different organic group 
5 using standard chemical reactions; since one of the two potential hydroxyl groups 
in the initial product is already protected, synthesis of compounds in which X 2 and 
X 3 represent different groups can readily be accomplished. Ions in which both X 2 
and X 3 represent H are preferred, as these can be used in the synthesis of 
numerous imidazolinium compounds. Although there is no particular limit on the 

10 structure of the three W X W groups in the general synthesis other than those imposed 
by solubility or reactivity under the heating conditions being used for the reaction 
(which will be readily apparent), preferred organic groups are hydrocarbyl groups 
containing 30 or fewer carbons and their oxygenated products (especially fatty 
acids and their reaction products as previously described, as well as other 

15 hydrocarbyl groups and oxygenated products containing 15 or fewer carbon atoms, 
preferably 10 or fewer, more preferably hydrocarbyl groups containing no more 
than one phenyl ring with the remainder of the hydrocarbyl group being composed 
of alkyl groups, especially alkyl groups of 5 or fewer carbons). Organic groups 
formed from oxygenated hydrocarbyl groups are preferably carboxylic acids, 

20 alcohols, esters, ethers, ketones and aldehydes containing no more than one such 
functional group per organic group. Examples of imidazolinium ions that can be 
prepared by the synthesis as described above (with further modification of the 
hydroxyl groups using simple organic reactions) include 1,3- 
dihydroxyethylimidazolinium, l-methoxyethyl-3-hydroxyethylimidazolinium, 1- 
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groups, as such "tri fatty acid" have been found not to be effective in transforming 
cells. 

Because such techniques are generally known in the art, background 
information and basic techniques for the preparation of pharmaceutical 
5 compositions containing lipids will not be repeated at this time. A reader 

unfamiliar with this background information is referred to the publications under 
the heading Relevant Literature above and further to U.S. Patent No. 5,264,618. 
This last-cited patent describes a number of therapeutic formulations and methods 
in detail, including exa pies of the use of specific cationic lipids (different from 

10 those described here) that can be followed in detail by substituting the cationic 

lipids of the present invention for those described in the patent. Compositions of 
the present invention will minimally be useable in the manner described in the 
patent, although operating parameters may need to be modified in order to achieve 
optimum results, using the specific information provided for compounds of the 

15 invention in this specification along with the knowledge of a person skilled in the 
arts of lipid preparation and use. 

The lipids of the present invention have been shown to be particularly 
useful and advantageous in the transfection of animal cells by genetic material. 
Additionally, since these compositions are degraded by enzymatic reactions in 

20 animal cells to components that are typically endogenous to the cells, the 

compositions provide a number of advantages in the area of low toxicity when 
compared to same previously known cationic lipids. These and other advantages 
of the invention are discussed in detail below. The remainder of this discussion is 
directed principally to selection, production, and use parameters for the cationic 
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are ligands or receptors capable of binding to some biological molecule of interest 
that is present in the target cell. A ligand can be any compound of interest which 
can specifically bind to another compound, referred to as a receptor, the ligand 
and receptor forming a complementary pair. The active compounds bound to the 
5 lipid mixture can vary widely, from small haptens (molecular weights of about 125 
to 2,000) to antigens which will generally have molecular weights of at least about 
6,000 and generally less than about 1 million, more usually less than about 
300,000. Of particular interest are proteinaceous ligands and receptors that have 
specific complementary binding partners on cell surfaces. Illustrative active 

10 compounds include chorionic gonadotropin, encephalon, endorphin, luteinizing 
hormone, morphine, epinephrine, interferon, ACTH, and polyiodothyronines and 
fragments of such compounds that retain the ability to bind to the same cell- 
surface binding partners that bind the original (non-fragment) molecules. 

The number of targeting molecules (either ligand or receptor) bound to a 

15 lipid mixture will vary with the size of the liposome, the size of the molecule, the 
binding affinity of the molecule to the target cell receptor or ligand, and the like. 
Usually, the bound active molecules will be present in the lipid mixture in from 
about 0.05 to 2 mole percent, more usually from about 0.01 to 1 mole percent 
based on the percent of bound molecules to the total number of molecules 

20 available in the mixture for binding. 

The surface membrane proteins which bind to specific effector molecules 
(usually soluble molecules in the external environment of the cell) are referred to 
as receptors. In the present context, receptors include antibodies and 
immunoglobulins since these molecules are found on the surface of certain cells. 
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total lipid analyzed for the particular cationic lipid or its partial degradation 
product using, for example, HPLC. 

The cationic amphiphiles are positively charged, and a tight charge 
complex can be formed between a cationic lipid carrier and a polyanionic nucleic 
5 acid, resulting in a lipid carrier-nucleic acid complex which can be used directly 
for systemic delivery to a mammal or mammalian cell. Where delivery is via 
aerosolization, the charge complex will withstand both the forces of nebulization 
and the environment within the lung airways and be capable of transfecting lung 
cells after the aerosolized DNArlipid carrier complex has been deposited in the 

10 lung following intranasal or intraoral delivery of the aerosolized complex. 

To evaluate the efficacy of a particular amphiphilic cation for use as a 
nucleic acid carrier in an aerosolization process, as well as to determine the 
optimum concentrations of lipid carrier-nucleic acid complexes, involves a two- 
step process. The first step is to identify lipid carriers and the concentration of 

15 lipid carrier-nucleic acid complexes that do not aggregate when the components 
are combined or during the significant agitation of the mixture that occurs during 
the nebulization step. The second step is to identify among those lipids that do not 
aggregate those complexes that provide for a high level of transfection and 
transcription of a gene of interest in target cells in the lung. These techniques are 

20 described in WO/US PCT/US92/ 11008 filed December 17, 1992, which disclosure 
is hereby incorporated by reference. 

As an example, a reporter gene CAT (which encodes chloramphenicol 
acetyltransferase) can be inserted in an expression cassette and used to evaluate 
each lipid carrier composition of interest. The DNA:lipid carrier complexes are 
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for particular receptors may be employed, to target a cell associated with a 
particular surface protein. A particular ligand or antibody can be conjugated to 
the cationic amphiphile in accordance with conventional techniques, either by 
conjugating the site-directing molecule to a lipid for incorporation into the lipid 
5 bilayer or by providing a linking group on a lipid present in the bilayer for linking 
to a functionality of the site-directing compound. Such techniques are well known 
to those skilled in the art. 

The various lipid carrier-nucleic acid complexes wherein the lipid carrier is 
a liposome are prepared using methods well known in the art. Mixing conditions 

10 can be optimized by visual examination of the resultant lipid-DNA mixture to 
establish that no precipitation occurs. To make the lipid-DNA complexes more 
visible, the complexes can be stained with a dye which does not itself cause 
aggregation, but which will stain either the DNA or the lipid. For example, 
Sudan black (which stains lipid) can be used as an aid to examine the lipid-DNA 

15 mixture to determine if aggregation has occurred. Particle size also can be studied 
with methods known in the art, including electron microscopy, laser light 
scattering, Coulter™ counting/sizing, and the like. Standard-size beads can be 
included as markers for determining the size of any liposomes or aggregates that 
form. By "lipid carrier-nucleic acid complex" is meant a nucleic acid sequence as 

20 described above, generally bound to the surface of a lipid carrier preparation, as 
discussed below. The lipid carrier preparation can also include other substances, 
such as enzymes necessary for integration, transcription and translation or 
cofactors. Furthermore, the lipid carrier-nucleic acid complex can include 
targeting agents to deliver the complex to particular cell or tissue types. 
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DNA to lipid carrier, minimizing the overall concentration of DNArlipid carrier 
complex in solution, usually less than 5 mg DNA/8 ml solution, and avoiding the 
use of chelating agents such as EDTA and/or significant amounts of salt, either of 
which tends to promote macro-aggregation. The preferred excipient is water, 
5 dextrose/water or another solution having low or zero ionic strength. Further, the 
volume should be adjusted to the minimum necessary for deposition in the lungs of 
the host mammal, while at the same time taking care not to make the solution too 
concentrated so that aggregates form. Increasing the volume of the solution is to 
be avoided if possible due to the need to increase the inhalation time for the host 

10 animal to accommodate the increased volume. In some cases, it may be preferable 
to lyophilize the lipid carrier-nucleic acid complexes for inhalation. Such 
materials are prepared as complexes as described above, except that a 
cryoprotectant such as mannitol or trehalose is included in the buffer solution 
which is used for preparation of the lipid carrier-DNA complexes. Any glucose 

15 generally included in such a buffer is preferably omitted. The lipid carrier 
complex is rapidly freeze-dried following mixing of the lipid and DNA. The 
mixture can be reconstituted with sterile water to yield a composition which is 
ready for administration to a host animal. 

Where the amphiphiles form liposomes, the liposomes may be sized in 

20 accordance with conventional techniques, depending upon the desired size. In 
some instances, a large liposome injected into the bloodstream of an animal has 
higher affinity for lung cells as compared to liver cells. Therefore, the particular 
size range may be evaluated in accordance with any intended target tissue by 
administering lipid-nucleic acid complexes of varying particle sizes to a host 
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EXAMPLES 
Example 1 

Synthesis of l-Acvlo xvethyl-2-alkvKalkenvn-3-hvdroxvethvlimidazoIinium 

5 Commercially available N,N-bis(2-hydroxyethyl) ethylenediamine was 

N,N-diprotected using di-tert-butylpyrocarbonate, then O t O-diacylated using an 
appropriate acyl chloride. N-BOC protection groups were cleaved with 4M HC1 
in dioxane, and the resulting hydrochloride salt was subjected to thermal 
rearrangement in a suitable high boiling solvent to afford l-acyloxyethyl-2- 
10 aikyl(alkenyl)-3-hydn>xyethyUmidazolinium derivatives: 




i 

RCOO 

5 
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solution of HC1 in dioxane and the mixture was stirred at room temperature for 2 
hrs. The resulting suspension was evaporated on rotavapor, diluted with ether (20 
ml), filtered, washed with ether (15 ml x 2) and dried in vacuum to get 1.07g 
(100%) of diamino ester 4. 

5 

l-[9-(Z)-octadecenoyloxyethyl]-2*[8-(Z)-heptadecenyl]-3- 
hydroxyethylimidazolinium hydroxide (5.) 

To a mixture of 1.16 g (0.00149 mol) of diamino ester 4 were added 3 ml 
of ethylene glycol and the mixture was stirred at 110°C (oil bath) for 30 min. 
10 The solution obtained was dissolved in 150 ml of CHC1 3 and washed with 5% 
NaCl (50 ml x 3) using MeOH. The organic layer was separated, dried over 
MgS0 4 , evaporated on rotavapor and the rest was chromatographed on silica gel 
using 5-20% MeOH/CHCl 3 to get 0.95 g (75%) of product as yellowish oil. 

15 (b) Transfection using liposomes containing l-f9-fZ > loctadecenoyloxvethyn-2-r8- 
<Z^-heptadecenyl1-3-hydroxyethylimidazolinium compound 5. 

liposomes containing compound 5 in a 1: 1 molar ratio with cholesterol 
was tested as a DNA carrier for gene transfer and expression in mice. The 
plasmid used was pZN51. The methods and plasmids used are described in more 

20 detail in WO93/24640. The liposomes were in a lOmM stock in 5% dextrose. 

The liposome: plasmid DNA ratios were screened for the presence of aggregation. 
Ratios from 1:2 to 1:7 (jig plasmid DNA to nanomoles cationic lipid) were 
screened. DNA:liposome ratios that did not produce aggregation were then tested 
in mice. 100 /*g of pZN51 was complexed to 500 nanomoles of 
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without departing from the spirit or scope of the appended claims. 



si 
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5. The amphiphile of claim 1 wherein R is pentadecyl or Rj is 
hexadecanoyL 

6. The amphiphile of claim 1 wherein R is heptadecenyl or R, is 
5 octadecanoyl. 

7. The amphiphile of claim 1 wherein said amphiphile is l-[9-(Z)-octa- 
decenoyloxyethyl]-2-[8*(Z)-heptadecenyl]0-hydroxyethyUmidazolinium. 

10 8, A method of transforming cells, comprising: 

contacting said cells with a plurality of complexes comprising an 
expression cassette and a nitrogen-containing amphiphile of Claim 1, wherein said 
complexes provide for transmission of cells in at least one tissue of said mammal 
and are susceptible to endogenous enzymatic cleavage to non-toxic products. 

15 

9. A method for transfecting a mammalian cell comprising contacting said 
cell with a complex comprising a transcription cassette or an expression cassette 
and a nitrogen-containing amphiphile of Claim 1. 

20 10. A method for synthesizing an imidazolinium ion, which comprises: 

heating a precursor compound of formula 
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